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This study examines the use of high-resolution ultrasound to monitor changes in the morphology and nonlinear
elastic properties of engineered oral mucosal tissues under normal and thermally stressed culture conditions.
Nonlinear elastic properties were determined by first developing strain maps from acoustic ultrasound, followed
by fitting of nonlinear stress–strain data to a 1-term Ogden model. Testing examined a clinically developed
ex vivo produced oral mucosa equivalent (EVPOME). As seeded cells proliferate on an EVPOME surface, they
produce a keratinized protective upper layer that fills in and smoothens out surface irregularities. These
transformations can also alter the nonlinear stress/strain parameters as EVPOME cells differentiate. This
EVPOME behavior is similar to those of natural oral mucosal tissues and in contrast to an unseeded scaffold. If
ultrasonic monitoring could be developed, then tissue cultivation could be adjusted in-process to account for
biological variations in their development of the stratified cellular layer. In addition to ultrasonic testing, an in-
house-built compression system capable of accurate measurements on small (*1.0–1.5 cm2) tissue samples is
presented. Results showed a near 2.5-fold difference in the stiffness properties between the unstressed EVPOME
and the noncell-seeded acellular scaffold (AlloDerm). There were also 4 ·greater differences in root mean
square values of the thickness in the unseeded AlloDerm compared to the mature unstressed EVPOME; this is a
strong indicator for quantifying surface roughness.
Introduction
There is a significant need for soft tissue replacementsof oral mucosa in cases of disease, injury, or defect.
Hence, developing a practical and cost–effective engineered
tissue device is essential toward proper treatment of soft
tissue conditions. This study examines using scanning
acoustic microscopy (SAM) as a tool to study the morphology
and nonlinear elastic characteristics of engineered oral mu-
cosal tissues. The advantages of using SAM over conven-
tional optical and electron microscopy include being able to
image cells and tissues without doing any preparations that
could potentially kill or alter these tissues; this provides a
more accurate representation of the tissues’ properties.1,2,20
We used SAM and an in-house-built mechanical compressor
to examine the morphology and nonlinear elastic properties,
specifically Ogden nonlinear elastic stress–strain models, re-
spectively, of the commercially available acellular cadaveric
dermis, AlloDerm (LifeCell Corp.) and an in-house-
designed ex vivo produced oral mucosa equivalent (EVPOME).
Seeded cell proliferation on the EVPOME device changes
both the morphological and nonlinear elastic characteristics
of the device. Specifically, as seeded cells proliferate, they fill
in any surface irregularities, followed by producing a kera-
tinized protective upper layer that smoothes out any re-
maining surface irregularities. This cellular activity will
cause the morphological and nonlinear elastic properties of
the engineered oral mucosa to continually evolve from the
AlloDerm baseline to properties that represent mature, fully
functional EVPOME. Therefore, the ability to characterize the
morphological and nonlinear elastic characteristics of EV-
POME in various stages of development would provide
quality control for EVPOME. Using SAM,we show significant
differences in both the surface profilometry [determined by
first finding the instance of threshold value, fitting and sub-
tracting the planar surface, and then calculating root-mean-
squared (RMS) height] and the nonlinear stress strain behavior
when comparing the EVPOME to the AlloDerm. Furthermore,
we demonstrate that the nonlinear elastic properties, as char-
acterized by a 1-termOgdenmodel, vary significantly between
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AlloDerm, fully functional EVPOME, and thermally stressed
EVPOME that failed to properly develop. These results support
the use of the SAM’s ability to simultaneously characterize
morphological and mechanical properties as a quality control
methodology for engineered oral mucosa, and likely for gen-
eral engineered soft tissues.21,23
Development and use of EVPOME have demonstrated its
clinical efficacy in intraoral surgical grafts,3,4 namely, as a
clinically effective means of ensuring regeneration of oral
mucosal tissues. In addition, oral mucosa tissues have been
clinically reported to be a suitable transplant to treat vaginal
agenesis.5 Oral mucosa’s histology resembles that of skin: as
new cells are formed on the basal lamina, more matured cells
migrate toward the apex, undergoing apoptosis and kerati-
nization as they migrate4; this same process occurs in EV-
POME tissues. What is still unknown is EVPOME’s
effectiveness as a functional replacement for other soft tis-
sues such as dermal, vaginal, or urethral, as these tissues
exhibit a nonlinear elastic mechanical behavior during
physiologic function. Although the oral mucosa’s histology
resembles that of human epidermis and both tissue types are
derived from ectodermal tissues, similarities in their physical
properties have yet to be compared.
Although SAM has been used to study the morphology
and density of skin tissue under both normal and patho-
logical conditions,6 it has not been applied toward under-
standing its nonlinear elastic properties. Further, no studies
have yet examined the elastic parameters of oral tissues, ei-
ther natural or engineered.
We have previously used SAM to compare changes in the
radiofrequency (RF) data to EVPOME and natural oral mu-
cosal tissues when they undergo differentiation and kerati-
nization.7 The spectral analysis results from SAM can be
compared to histological images of the EVPOME tissues at
different stages of growth and development. By correlating
changes in the RF data to the EVPOME (and mucosal cells
in general) undergoing differentiation, apoptosis,15,16 and
keratinization, we can better understand the physiological
processes of these cells as they evolve.
Materials and Methods
The soft tissue compression set-up is derived from the ex-
periments originally performed by Erkamp,8 in which a cy-
lindrical sample was indented while mounted on top of a glass
slide. The system to measure the nonlinear elastic behavior of
soft tissue is an in-house-built compressor using a cylindrical
piston of known length and volume to indent the tissue
sample at steps of a known length, registering as a change in
mass (in grams) on an electronic scale (Ohaus Scout Pro). This
compressor setup is illustrated in Figure 1a and b. The tissue
sample is cylindrical in shape with an area (A) slightly larger
than that of the piston. The piston is mounted directly over the
center of the sample and pushes on the sample, producing a
known amount of force. This force plus knowing the degree of
surface displacement provide the nonlinear geometric stiffness
characteristic for the given samples.
The gram-to-Newton force conversion was applied to
obtain the appropriate force for each step using the following
equation:
F¼ [(gr=1000)9:80665] (1)
where gr is the piston load in grams registered by the scale.
For nonlinear elastic analysis, the compressive stress and
deformation were measured. The stress measure is the 1st
Piola-Kirchoff stress T defined as the current measured force
divided by the original specimen area A:
T¼ F=A¢ (2)
where the current force F is defined by equation 1, and A¢ is
the area of the specimens before deformation. The stretch
ratio l is simply defined as the deformed height of the
specimen l divided by the original height of the specimen l¢
as l= l/l¢. We further assume that the tissue is incompress-
ible; that is, the tissue volume does not change during de-
formation. Since the deformation gradient tensor Fij only has
diagonal stretch ratios l1, l2, and l3 under the applied de-
formation, this implies that l1l2l3 = 1. The deformation is
applied in the z (3) direction, and we further assume that the
stretch ratios in the 2 and 3 direction are equal and due to








A nonlinear elastic material is characterized using a strain
energy function. We utilized a 1-term Ogden strain energy
function to characterize the nonlinear elastic behavior of the
FIG. 1. (a) Schematic side view of the compression system
used to measure indentation of soft tissue samples. The large
white arrow shows the motion direction of the piston. (b)
Photograph of the compression system testing a tissue
specimen placed on top of a glass slide (arrow). The diameter
of the compression piston is 1.0 cm.
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engineered oral mucosa. The 1-term Ogden strain energy
model has two material constants m and a:
W¼ l
a
(ka1þ ka2þ ka3 3) (4)
where l1, l2, and l3 are the stretch ratios’ three Cartesian
coordinate axes. Assuming incompressibility, the 1st Piola-
Kirchoff stress in the z (3) direction may be calculated from
the Ogden strain energy function as following:





pþ lka 13 (5)
where p is the hydrostatic pressure; T33 is the zz component
of the 1st Piola-Kirchoff stress tensor; l3 is the stretch ratio in
the 3 (z) direction; and W is the Ogden strain energy function
from Equation. 3. Given the fact that the two faces of the test
specimen are traction free, we can solve for the hydrostatic
pressure p. Using this result with the relationship among
stretch ratios due to incompressibility gives us the final re-
lationship between the T33 1st Piola-Kirchoff stress compo-
nent, the m and a coefficients from the Ogden strain energy
function, and the stretch ratio l3; the final Ogden stress–
strain produced is the following:






The in-house SAM system has previously been used to ob-
tain elastic properties—specifically, stress—strain parameters,
and consequently, Young’s modulus (correlates stress–strain to
examine stiffness properties in the specimens) in different soft
tissues, including porcine cornea.9,10 The SAM’s transducer
parameters are a lateral resolution (Rlat) of 37mm; an axial
resolution (Rax) of 24mm; and a depth of field of 223mm. The Z-
axis was sampled at 300 megasamples/second. The Rax is in
the direction of propagation and is determined by the length of
the ultrasound pulse propagating in the tissue; Rlat is orthog-
onal to the propagation direction of the ultrasound wave.
The nonlinear elastic properties of AlloDerm and other
commercially available graft materials have been previously
determined using a Fung strain energy function.11,17–19 How-
ever, there are no known studies that have examined both the
nonlinear elastic properties using an Ogden model and mor-
phology of either AlloDerm or engineered mucosal tissues.
For this study, we examined the morphology and non-
linear elastic properties of engineered oral tissues using the
SAM, followed by testing their mechanical properties using
the cylindrical compressor. The last set of AlloDerm and
EVPOME experiments involved mechanical compression
studies on nonstressed and thermally stressed specimens of
the aforementioned tissue types, the preparation, and ex-
amination being similar to our previous study.12,22
Methods for preparing both AlloDerm and EVPOME de-
vices are similar to those described elsewhere.13 Briefly, oral
mucosa keratinocytes were enzymatically dissociated from
the tissue sample, and a primary cell culture was established
and propagated in a chemically defined, serum- and xeno-
genic product-free culture medium, with a calcium concen-
tration of 0.06mM. The AlloDerm specimens were soaked in
5mg/cm2 human type IV collagen overnight at 4C before
seeding cells to assist the adherence of cells, and then
*2.0 · 105 cells/cm2 of oral keratinocytes (cell lines: DPG3,
JXP2) were seeded onto the type IV collagen-presoaked Al-
loDerm and cultured in a medium with 1.2mM calcium.
Morphologies of the unseeded AlloDerm and the EVPOME
at 11 days post-seeding are shown in Fig. 2. The composites
of keratinocytes and AlloDerm were then cultured, in the
submerged condition, for 4 days to form a continuous epi-
thelial monolayer. At 4 days, samples of the EVPOME were
collected while in the submerged condition for SAM imag-
ing. After 4 days, the equivalents were raised to an air–liquid
interface to encourage epithelial stratification and cultured
for another 10 days, resulting in a fully differentiated, well-
stratified epithelial layer on the AlloDerm. Unseeded Allo-
Derm specimens (used as controls) were subsequently trea-
ted in the same manner as EVPOMEs with the exception that
they were never seeded with oral keratinocytes.
FIG. 2. (a–d) SAM 2D B-scans between the unseeded AlloDerm scaffold (a) and the ex vivo produced oral mucosa equivalent
(EVPOME) 11 days postseeding (b), followed by their histological counterparts (c and d). In the 2D B-scans, there is a greater
reflectivity off of the surface of the EVPOME compared to the AlloDerm specimen (arrows), indicative of the space-filling/
keratinization activity of the oral keratinocytes which were seeded onto its surface. This is verified in the histological micrograph
comparing the two specimens (asterisk). Scale bars equal 100mm. Color images available online at www.liebertpub.com/tec
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For the last set of experiments, two additional AlloDerm
and EVPOME specimens were prepared; these were then
thermally stressed. For thermally stressed AlloDerm and
EVPOME specimens, on Day 9 postseeding, one of each
specimen was incubated at 43C for 24 h, and then switched
back to 37C for another 24 h. Total incubation times were
equal for all specimens. The purpose of thermal stressing is
to simulate aberrant culture conditions that adversely affect
development of the engineered oral mucosal tissue. There
were two specimens each for all four of the aforementioned
AlloDerm and EVPOME categories.
Details for the setup of the SAM have been detailed pre-
viously.1,9,10 Briefly, AlloDerm and EVPOME samples were
immersed in deionized water and imaged with a single-
element fixed-focus transducer, producing ultrasonic B-scans.
The transducer has an approximate frequency of 50MHz, and
the element is 3mm in diameter and focused to a depth of
4.1mm, giving an f/number of *1.4. The transducer was
fastened to an optical mount, and the angular position was
adjusted until the ultrasonic beam was normal to a deflecting
plate. We scanned surfaces of EVPOME and AlloDerm,
showing the acoustic signal between the interface of the
sample and water on each specimen’s apical side. DC stepper
motors positioned the transducer above the specimen. B-scan
images were obtained by stepping the transducer element
laterally across each desired region. At each position, the
transducer fired, and an RF A-line was recorded. After re-
peated firings at one position, the transducer moved to the
next position, where an image was constructed from A-lines
acquired at all lateral positions. Because of low f/number,
single-element transducers have a short depth of field; a
composite B-scan image was generated from multiple scans
at different heights. The SAM set up is illustrated in Figure 1
both as a schematic illustration (Fig. 1a) and a photograph
(Fig. 1b), with differences in the acoustic patterns as they
reflect off of the tissue boundaries (surface and base),10,14
including the phase shift in sound waves when reflecting off
tissue as opposed to the base surface of the holder, reflections
off the surface and bottom of the tissue, and the sound speed
through water and tissue. The tissue surface was determined
by thresholding the magnitude of the signal at the first axial
incidence of a value safely above noise,*20–30 dB. All tissue
specimens were imaged by SAM before and after compres-
sion testing by the cylinder compressor. 2D B-scan images of
EVPOME and unseeded AlloDerm are shown in Figure 2a
and b, along with their histology counterparts (Fig. 2c, d).
Further, 3D scans were produced as composites of the 2D
B-scans for both AlloDerm and EVPOME (11 days post-
seeding) specimens. The threshold of the ultrasound signal
was rendered as a dark surface; everything above the
threshold was rendered in grayscale, and everything below
was transparent (Fig. 3a, b). This was to better visualize
surface characteristics of both tissue specimens.
Compression testing was performed on both unseeded
AlloDerm and EVPOME (11 days postseeding) specimens by
removing each specimen from an aqueous environment,
measuring their thickness with an electronic caliper (Mituyo
Corp.) and placing it under an in-house-built compression
unit with cylindrical pistons which were either 540mm2 or
28.26mm2 in area. We used cylinders of varying sizes based
on the size and the shape of the tissue specimens, in partic-
ular to perform multiple measurements at different locations
on the tissues. A digital scale was placed directly beneath the
specimen, tare to the weight of the specimen, and recorded
changes in the weight for each successive step (10mm) ap-
plied to the specimen by the piston. Further details of the
mechanical setup and its applications and calculations are
described under the Introduction section and illustrated in
Figure 1. All stress levels were measured as kilopascals in
relation to strain levels of the known compression step length.
Both one-way analyses of variance (ANOVA) and linear
regression analyses were performed to determine the RMS
values for individual specimens. Mathematical fitting models
of tissues (stressed and unstressed AlloDerm and 11 days
postseeding EVPOME specimens), specifically 1-term Ogden
models, were performed and analyzed using an algorithm
running in MatLab (MathWorks, Inc.).
Results
In SAM 2D B-scans for AlloDerm and EVPOME devices, the
transducer is positioned at the top of the image, pointing
downward. Top bright echoes indicate the boundary between
the coupling medium (water) and the apical surface of the
AlloDerm. Below this, the tissue device appears as uniform
speckle. Typical of speckle bright spots indicate phase aligned
clusters of backscatter and are approximately 30mm in diam-
eter as expected from theses transducer characteristics. Post-
compression RMS values between AlloDerm and EVPOME
(11 days postseeding) are similar to those in previous studies
where they were not subjected to compression: there is a sig-
nificantly higher value (up to 4·greater) in the AlloDerm
specimens than their EVPOME counterparts (Fig. 4).
FIG. 3. SAM 3D composites of AlloDerm (a) and EVPOME
at 11 days postseeding (b), including the dimensions of the
scanned region.
FIG. 4. Surface roughness (root-mean-squared (RMS) value)
comparisons between unstressed and stressed EVPOME at 11
days postseeding and unstressed and stressed AlloDerm.
Color images available online at www.liebertpub.com/tec
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The AlloDerm specimen from the first compression tests
was not subjected to any water exposure; that is, it was placed
directly from a dry environment to the mechanical compres-
sion. For the second compression tests, it was immersed in a
container of deionized water for*10min before testing. In all
tests—both dry and wet—the unseeded AlloDerm specimens
all exhibited significantly greater force with each successive
step from the cylinder (Fig. 5), an indication of significant
nonlinearity in the behavior of the unseeded scaffolds.
There were high variations in surface roughness as char-
acterized by RMS values for the AlloDerm specimens—both
stressed and unstressed—and for the stressed EVPOME
specimen (Fig. 4). Such variations are clearly visible on the
SAM B-Scans (Fig. 6a, b) and their histology images (Fig. 6c,
d) for these specimens.
The AlloDerm Ogden coefficients for the thermally stressed
and unstressed specimens were the same (stressed: m=4.77
KPa, a= 4.8; unstressed: m= 4.77 KPa, a=4.8), indicating that
thermally stressing the AlloDerm does not change its nonlinear
elastic properties. The EVPOME Ogden coefficients differed
significantly between stressed (m= 0.22 KPa, a=9.9) and un-
stressed specimens (m=1.99 KPa, a=3.4). All data were fit well
by the Ogden model (R2> 0.96 for all fits) (Fig. 7); m and a are
material constants. The unstressed EVPOME appeared to be
actually closer to the nonlinear mechanics of the AlloDerm. A
compendium of the stress–strain comparisons among the
EVPOME (both unstressed and stressed), AlloDerm (both
unstressed and stressed) is seen in Table 1.
Discussion
Comparing unseeded AlloDerm specimens to engineered
oral mucosal tissues (EVPOME) using acoustic imaging, we
have seen major differences on surface characteristics of their
reflectivity between unseeded device and mature EVPOME.7
In this study, we show that the presence of cells (particularly
in a stratified pattern) provides changes not only in the
reflectivity of the cells, but also in their nonlinear elastic
properties. Even the minimal presences of cells—including
seeded layers that are rather poorly developed—still dem-
onstrate resistance to stress at increasing strain deformations.
Because of the tissues’ incompressibility, the change in
volume remains essentially constant; this is likely due to
their high water content, particularly the tissues within the
oral cavity. The m coefficient reflects the initial stiffness
(lower values indicating lower stiffness), while the a expo-
nent reflects the transition to stiffening with increasing de-
formation. Thus, the values for EVPOME indicate that
stressed EVPOME is initially much compliant than un-
stressed EVPOME, and undergoes a much more rapid tran-
sition to stiffening behavior. Both EVPOME constructs are
initially more compliant than AlloDerm, but the stressed
EVPOME shows a much more rapid transition to stiffening
behavior than either unstressed EVPOME or AlloDerm
condition. These nonlinear property differences reflect the
significant changes in mechanical function due to presence of
oral keratinocytes and the quality of the extracellular matrix
produced by these cells. It is important to note that the use of
linear mechanical constitutive models (i.e., Hooke’s law)
would not reflect changes in function, as a linear model
would have to be fit to either the initial or stiffened portion of
the nonlinear stress–strain curve.
The amount of stratified cell layers within tissue types
appears to play a significant role in the degree of stiffness
each tissue displays; this is evident in the low stress–strain
FIG. 5. Stress–strain relationships comparing AlloDerm
(green line) and EVPOME (blue line). Results optioned from
direct mechanical piston measurements using equipment
shown in Figure 1. Color images available online at
www.liebertpub.com/tec
FIG. 6. (a–d) Comparative 2D
B-scans (a, b) and histology (c, d)
images between EVPOME (11 days
postseeding) that was properly
developed and keratinized (a and c)
EVPOME that was poorly evolved
and differentiated (b and d). The
keratin levels in the properly
developed specimens are
significantly greater in the staining
and reflectivity (arrows). The lower
acoustic reflection in the surface of
the poorly developed EVPOME is a
result of the reduced keratin layer
on the surface (asterisk). Scale bars
equal 100mm. Color images
available online at
www.liebertpub.com/tec
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mechanics observed when testing porcine palate on the
mechanical compressor. EVPOME’s stratified layers on the
surface demonstrate both lower RMS profiles and lower
stiffness characteristics than the AlloDerm scaffold (Figs. 4
and 5, respectively). These warrant examining these same
tissue types using the SAM system to analyze which cell
layers (or combination of layers) contribute most to such
mechanical behavior. Further, it is imperative to understand
what specific constituents of the cells and the extracellular
matrix contribute to the differences in RMS and stiffness
values between the AlloDerm, the stressed EVPOME, and
the unstressed EVPOME.
Future studies here to test elasticity of the individual
layers of the mature EVPOME using the SAM compressor
and speckle-tracking methods may delineate what particular
properties in the EVPOME’s seeded material contributes
most to these similarities. These studies must include using
SAM and the mechanical compressor to evaluate stress–
strain on EVPOME tissues during their development at each
successive day to determine at which exact day or days the
specimens evolve sufficiently to show the observed changes
in the 1-term Ogden model’s behavior.
Additional microscopy studies (using acoustic, optical,
and possibly transmission electron microscopy) will be ap-
plied to analyze which subcellular constituents are present at
each day of EVPOME development and how they—either
individually or in succession—contribute to the changes in
linear elasticity observed.
FIG. 7. 1-term Ogden fitting models comparing the stress-to-stretch ratios between stressed and unstressed EVPOMEs
(a and b) and the stressed unstressed AlloDerm (c and d). Included are the ratios, the 1-term Ogden fit, and the degree of
error. Color images available online at www.liebertpub.com/tec
Table 1. Compendium of the Stress–Strain
Comparisons Among the EVPOME
(Both Unstressed and Stressed) AlloDerm
(Both Unstressed and Stressed)
Specimens
Stress values





EVPOME, ex vivo produced oral mucosa equivalent.
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The high similarity in the Ogden behavior between the
EVPOMEs—either stressed or unstressed—suggests that the
cellular constituents in the EVPOMEs behave alike regard-
less of whether they are fully attached to the AlloDerm
surface. This finding mandates the use of acoustic micros-
copy to examine the specimens’ elastic properties at each of
the layers in the EVPOME (both stressed and unstressed)
using the compression data and speckle-tracking methods.
Further work here will allow us to analyze which compo-
nents in the tissues contribute most to the changes in stress–
strain models observed.
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